A technique was developed for measurement of blood flow in the coronary sinus in man by continuous thermodilution. For The main objective of the present study was to develop a method which would allow us to study rapid changes in the coronary circulation in man. The method is based on the principle of continuous thermodilution which has been applied with success to the measurement of cardiac output1 2 and regional blood flow.3-7
Turbulent flow number of measurements is, however, limited by the character of the indicator. Clearly these methods give no information concerning rapid changes in coronary blood flow.
The main objective of the present study was to develop a method which would allow us to study rapid changes in the coronary circulation in man. The method is based on the principle of continuous thermodilution which has been applied with success to the measurement of cardiac output1 2 and regional blood flow. [3] [4] [5] [6] [7] The communication presents an evaluation of the method in physical models and in vivo and the application of the method to the measurement of blood flow in the coronary sinus in man at rest and during rapid changes in the coronary circulation.
Methods

Principle
A fluid miscible with blood and at a lower temperature is injected into the coronary sinus at a constant rate and the resulting change in temperature detected in a short distance downstream. Conventionally, this fluid has been referred to as "the indicator," and this usage will be followed by us, although from a rigorous scientific viewpoint it is the cold (negative heat) that is the indicator, the injectate being only the vehicle for its introduction into the bloodstream.
Computation of Flow
The computation of flow is based on the assumption that the heat lost from the system between the site of injection and the site of detection is negligible and, therefore, that the heat lost by the blood equals the heat gained by the indicator.
Let FB and F, be the volumes (in ml) of blood and indicator, respectively, participating in the process of mixing and heat exchange during a finite period; TB, TI, and TM, the temperature of blood, indicator, and mixture of blood and indicator, in 'C; SB and S,, the density of blood and indicator, respectively, in g/cm3; and CB and C,, the specific heat of blood and indicator, respectively, in cal/g/°C. The 1A ), 100 cm long, with a 2.3-mm outside diameter (o.d.) (equivalent, no. 7F) and a 1-mm inside diameter (i.d.) was used for the measurement of coronary sinus blood flow. In the lumen of the catheter, a nylon tubing with a 0.75-mm i.d., separated from the inner wall of the catheter by a thermally insulating space of air, served for injection of indicator. It was constricted distally to an injection orifice 0.4 to 0.5 mm in diameter. The injection orifice was about 20 mm proximal to the closed tip of the catheter and oriented at an angle of 30 to 45 degrees from the axis of the catheter. A thermistor was mounted on the shaft of the catheter 10 to 15 mm proximal to the injection orifice for measurement of TB prior to, and TM during, infusion of cold dextrose solution. A second thermistor lay inside the nylon tubing close to the injection orifice to measure the temperature (FB) (SB)(CB)(TB-TM) -(F,) (S,) (CI) (TM -TI) (Heat lost by blood) ( figure 3 . In open-chest anesthetized dogs a Gregg-type cannula10 with a 5-mm i.d. was inserted through the right atrial appendage into the ostium of the coronary sinus, where it was ligated. From one arm of a T cannula a thermodilution catheter was introduced into the coronary sinus in such a way that the external thermistor was just inside the sinus.
Simultaneous Measurement of Coronary Sinus and Great Cardiac Vein Flow
The purpose of these experiments was to determine whether or not it is possible to measure with accuracy blood flow at two points downstream to the site of injection in the coronarv sinus when uncooled blood enters from tributaries between the two sampling sites. A precondition for accurate measurement of two flows, when the catheter shown in figure lB is used, is that adequate mixing can be achieved not only at the level of the distal thermistor (10 mm from the injection orifice) but also at the level of the proximal thermistor (30 mm from the injection orifice). Two series of experiments were carried out to test the adequacy of mixing:
1. In open-chest dogs the ostium of the coronary sinus was marked from outside with a metal clip. The catheter, with two external thermistors, both marked with lead bands, was inserted into the coronary sinus so that either the distal or the proximal thermistor lay at the ostium of the coronary sinus. The blood flow was determined with the catheter in both positions.
2. The experimental arrangement of the second series of experiments was the same as shown in figure 3 . The catheter, with two external thermistors, was inserted so that the proximal thermistor lay just inside the ostium. Coronary sinus blood flow was determined simultaneously by thermodilution and by timed collection of the outflow. Only those experiments were evaluated in which the postmortem examination disclosed that the ostium of the posterior interventricular vein was between the two external thermistors. However, during continuous injection the temperature of blood gradually decreases due to recirculation of indicator. This decrease becomes detectable about 10 sec after the start of injection, but remains negligible when the injection does not last more than 20 sec (the drop in TB is usually less than 1% of TB-Tl). The degree of recirculation was determined from the temperature of blood following the end of injection. To minimize the error due to recirculation in longer lasting measurements, we used for computation of flow the TB immediately after the end of injection or its extrapolated value, when the rate of flow at some time during injection had to be determined. the natural curve of the catheter in relation to the position and course of the sinus facilitates the inisertion and helps to maintaini the position stable. Since a significant tributary, the posterior interventricular vein, joiins the coronary sinus within 15 mm from the ostium, it was necessary-in order to measure total coroniary sinus flow-to place the catheter in such a way that the external thermistor lay near the ostium. After insertion, 3 ml of contrast material was therefore injected into the sinus for fluoroscopic identification of the ostium ( fig.  4, left) . The position of the catheter was theni adjusted so that the lead band lay at the ostiurn ( fig. 4, right) , in which case the thermistor was a few millimeters inside the sinus.
Studies of coronary sinus flow were usually carried out with the patients in the supine position. Changes in body position (into oblique or lateral) vere either avoided, since they can cause changes in the position of the catheter, or the position of the catheter was readjusted. The presence of the thermistor in the coronary sinus was characterized by a stable temperature; when the thermistor was in the right atrium, the temperature in the right atrium showed fluctuations ( fig. 5) Table 2 presents the time constants of the method obtained in a range of flow from 50 to 500 ml/min. As can be seen, the time constant of the method was higher than the time constant of the thermistor used in these studies (0.08 sec). This is due to the fact that the time constant of the method depends not only on the time constant of the temperature sensing and recording system, but also on hydrodynamic factors, the effect of which can be expressed as the time constant of the mixing volume." Time constant of the mixing volume Figure 5 Recording of blood temperature in the coronary sinus (CS) and right atrium (RA). The temperature in the atrium is lower and shows fluctuations of 0.03°C.
The mixing volume is the volume in which the process of mixing takes place. When the jet of indicator is directed upstream, as in the present study, the mixing volume is the volume of the mixture of blood and indicator upstream to the injection orifice.
Studies in Man
A typical tracing recorded during measurement of resting coronary sinus blood flow in a human subject is presented in fig. 6 Table 2 Time Constant of the Method 167 ml/min, with a mean of 128 and a standard deviation of ±20 ml/min. The difference in flow between the normal subjects and patients with coronary artery disease was not significant. This is in agreement with the findings of others, as will be discussed later. figure 9 . Simultaneous measurement of both flows was perfonned in eight subjects without heart disease. The values are presented in table 5. The great cardiac vein flow ranged from 51 to 78 ml/min, with a mean of 67.8 and a standard deviation of ±11.0 ml/min. The great cardiac vein flow represented about 65 + 10% of the total coronary sinus flow.
Discussion
The results of the model and animal experiments are similar to those found in previous studies using continuous thermodilution.3 6 Mixing of the blood and indicator is the basic assumption for the accuracy of the method. The accuracy of measurements and the studies on mixing conditions in the model indicate that adequate mixing was obtained despite the short distance between the site of injection and detection. This was attained by relatively high rates of injection of indicator, which represent a certain limitation of the method in terms of the duration of the time over which studies may be performed. The rate of injection can be lowered by using a R E S T CONST. LC 3 and 4, the heart rate and the arterial pressure were on the average higher in patients with coronary artery disease, whereas the peak left ventricular dp/dt and the cardiac index were higher in the group with normal hearts (only the difference in cardiac index was statistically significant). Not only was the coronary sinus blood flow normal at rest in the coronary artery disease group, but the coronary flow was able to respond with a significant rise, when the heart rate was raised by atrial pacing. were among the lowest in the coronary group. In both of these patients, low flow (98 and 100 ml/min) was associated with low arterial pressure (89/61 and 94/70 mm Hg), low peak left ventricular dp/dt (6/0 and 9/0 mm Hg/sec), and low cardiac indices (1.8 and 2.2 liters/min/m2, respectively). The coronary flow of both patients increased during pacing.
That coronary flow is not directly related to the muscle mass was evident in a case of idiopathic subaortic stenosis with marked hypertrophy of the left ventricle. The coronary sinus blood flow was normal at rest, when no pressure gradient was present between the left ventricle and the aorta. When a gradient of 120 mm Hg was established by infusion of isoproterenol, the coronary sinus blood flow increased to 220% of the value obtained during infusion of isoproterenol before establishment of a significant gradient.
The lack of difference in coronary flow between the two groups has been questioned because of The purpose of measuring simultaneously the total coronary sinus and great cardiac vein flow was to obtain information on the regional distribution of flow. The great cardiac vein drains the anterior part of the interventricular septum and the anterior and lateral portions of the left ventricular free wall, via the anterior interventricular and left marginal veins. The coronary sinus receives blood from the great cardiac vein and additional tributaries, the posterior cardiac and the posterior interventricular veins draining the posterior wall of the left ventricle, the posterior part of the interventricular septum, and adjacent posterior wall of the right ventricle.14 Results of this study indicate that in normal hearts about two-thirds of the total coronary sinus flow drains through the great cardiac vein and one-third comes from the posterior wall.
Clinical Usefulness
No significant complication was encountered in application of the method in more than 100 patients. In comparison with the presently available methods for measuring coronary blood flow the method of continuous thermodilution has the following advantages: (1) it permits measurements to be repeated in short intervals since the body acts as a large heat sink; (2) coronary sinus blood flow can be measured continuously over a period of several minutes; (3) it permits rapid changes in coronary circulation to be studied; (4) coronary sinus and great cardiac vein blood flow can be measured simultaneously; and (5) the equipment is simple and inexpensive.
The disadvantages of the method include: (1) that it requires catheterization of the coronary sinus; (2) that withdrawal of blood samples is slower and sometimes difficult, and (3) that relatively large amounts of fluid are injected.
